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Magnetovolume effect due to the itinerant-electron metamagnetic~IEM! transition in
La(Fe0.88Si0.12)13 has been investigated by x-ray diffraction measurements in high magnetic fields.
No crystal structure change was confirmed after the IEM transition. The relative change in the lattice
constant measured perpendicular to the magnetic field direction is similar to the longitudinal linear
magnetostriction, and hence the volume change due to the IEM transition is isotropic. The volume
change in both the ferromagnetic and the paramagnetic states is proportional to the square of the
magnetization, though the magnetovolume coupling constant in the former is smaller than that in the
latter. © 2004 American Institute of Physics.@DOI: 10.1063/1.1667455#
I. INTRODUCTION
Itinerant-electron metamagnetic~IEM! transition, i.e.,
the magnetic field induced first-order transition from the
paramagnetic~P! state to the ferromagnetic~F! state has
been observed in several kinds of 3d and 5f metal based
compounds.1–6 Recently, La(FexSi12x)13 compounds have
been reported as the first evidence exhibiting the IEM tran-
sition in Fe-based compounds.7–12 Namely, the compounds
with x>0.86 show a thermal-induced first-order phase tran-
sition at TC , as well as the IEM transition aboveTC .
7 In
addition, marked magnetovolume effects are observed in
connection with the first-order transition atTC and the IEM
transition aboveTC .
8–12 For example, a large pressure coef-
ficient of the Curie temperatured ln TC /dP of 20.46/GPa
has been reported forx50.88.10–12Furthermore, a spontane-
ous volume change of 1.5% is caused by the first-order tran-
sition atTC .
9,10 The correlation between the IEM transition
and the magnetovolume effects in La(FexSi12x)13 has been
discussed in terms of spin fluctuations as well as the 3d band
structures.12
The IEM transition fieldBC linearly increases with tem-
perature and the value ofBC at TC becomes zero.
7,11 In other
words, the thermal induced first-order transition atTC corre-
sponds to the IEM transition in zero transition field. There-
fore, a large volume change in the same magnitude atTC is
expected to be accompanied by the IEM transition. Since the
IEM transition is related to the exchange splitting of 3d
bands,13 the magnetovolume effects due to the IEM transi-
tion is expected to be isotropic, which is different from a
metamagnetic transition in the antiferromagnetic state which
causes only an increase in length parallel to the magnetic
field direction.14
In the present study, the isotropic magnetovolume effect
related to the IEM transition for the La(Fe0.88Si0.12)13 com-
pound has been investigated by using x-ray diffraction mea-
surements in high magnetic fields. The results are discussed
in terms of spin fluctuations as well as the onset of ferromag-
netism.
II. EXPERIMENT
La(Fe0.88Si0.12)13 compound was prepared by arc melt-
ing in an argon gas atmosphere. The heat treatment was car-
ried out in a vacuum quartz tube at 1323 K for 10 days. For
x-ray powder diffraction measurement in high magnetic field
up to 5 T, the powder sample was set in a cryocooled split-
pair superconducting magnet and CoKa radiation was used
as an incident x ray. The scattering plane was perpendicular
to the magnetic field direction.
III. RESULTS AND DISCUSSION
La(Fe0.88Si0.12)13 having the Curie temperatureTC
5195 K exhibits the IEM transition around the critical mag-
netic field BC52 T at 205 K.
7,11 Figure 1 shows the x-ray
diffraction profiles for La(Fe0.88Si0.12)13 in the range of 2u
530° – 90° in the magnetic fields of 0 and 5 T. Both the
profiles show the same diffraction patterns for the NaZn13
cubic structure and no additional peak is observed after ap-
plying magnetic field of 5 T, therefore, the paramagnetic~P!
and the ferromagnetic~F! states have the same crystal struc-
ture and the IEM transition brings about no structural sym-
metry change. In addition, each peak position shifts to a
lower angle side by applying magnetic field, and the lattice
constant increase obtained from the diffraction profiles at 5 T
is evaluated to be about 0.4%.
The relative volume changev due to the magnetovol-
ume effect is expressed as15,16
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v5kCmv$M
21j~T!2%, ~1!
where k, Cmv, M, and j(T)
2 are the compressibility, the
magnetovolume coupling constant, the magnetization, and
the mean square amplitude of the spin fluctuations. In the
IEM transition, the appearance of spontaneous moment is
caused by the exchange splitting of the 3d bands, and the
volume change is mainly attributed toM in Eq. ~1!. In order
to obtain the detailed information on the magnetic field de-
pendence of the lattice constant, the x-ray diffraction peaks
of $800% and$820% planes at the ranges of 2u589° – 91° are
observed by increasing magnetic field from 0 to 5 T with step
of 1 T, as shown in Fig. 2. In this angular range, both the
diffraction peaks coming fromKa1 andKa2 beams from the
same plane are obviously separated. At magnetic fields
around BC52 T, a broadening of the peaks for both the
$800% and$820% planes in the diffraction patterns is observed.
The origin of change in the peak shape aroundBC is dis-
cussed later in connection with Fig. 3. With increasing mag-
netic field, the shape of all the peaks is recovered while their
positions apparently shift to lower angle sides, indicating a
significant expansion of lattice constant due to the appear-
ance of spontaneous magnetic moment caused by the IEM
transition. In theF state above 3 T, the lattice constant ex-
hibits a slight increase with increasing magnetic field.
In general, the first-order transition proceeds with a su-
percooling phenomenon, and two phases before and after the
transition coexist. The volume change due to the IEM tran-
sition is related to the square of magnetization as mentioned
in connection with Eq.~1!. Therefore, theF phase with a
large volume and theP phase with a small volume are ex-
pected to coexist. To discuss the relation between change in
the peak shape and the coexistence of two phases, the x-ray
diffraction profiles composed ofKa1 andKa2 peaks for the
$820% plane are measured, particularly in the magnetic field
around 1.5–2.5 T, as shown in Fig. 3. By using the least
square fitting, the profiles in 1.5 and 2.5 T can be represented
by the single Lorentzian for each reflection. On the other
hand, the profiles in the magnetic field between 1.8 and 2.2 T
are decomposed by two sets of the Lorentzians as given in
Fig. 3. It should be noticed that the area of the Lorentzian
profile for the larger lattice constant increases, while that for
the smaller lattice constant decreases with increasing mag-
netic field. Such a change is explained by a nucleation and
growth process in the first-order phase transition. Namely,
the F phase with a large volume is nucleated in theP phase
with a small volume around 1.8 T and the volume fraction of
the F phase gradually increases with increasing strength of
the magnetic field. Finally, the paramagnetic phase disap-
pears and only the ferromagnetic phase exists above 2.5 T.
The scattering plane of the present x-ray diffractometer
is vertical to the magnetic field directionB, therefore, the
relative change in the lattice constantDa/a perpendicular to
B is obtained. In Fig. 4, the relative change in the lattice
constant is plotted against the magnetic field. In the region
for the coexistence of the ferromagnetic and paramagnetic
phases,Da/a for each phase and the average value obtained
from the volume fraction are plotted. The dashed line shows
the longitudinal linear magnetostrictionDL/L i measured
parallel to the magnetic field direction for the bulk specimen
by a three-terminal capacitance method.7 The value ofDa/a
increases with increasing magnetic field, especially around
BC , and theDa/a–B curve is quite similar toDL/L i curve
in both shape and magnitude. Accordingly, it is concluded
that the volume change of about 1.2% caused by the IEM
transition is isotropic in the present compound.
FIG. 1. X-ray diffraction profiles at 205 K in the magnetic field of 0 and 5
T for La(Fe0.88Si0.12)13 .
FIG. 2. Magnetic field dependence of x-ray diffraction peaks for$820% and
$800% planes at 205 K for La(Fe0.88Si0.12)13 .
FIG. 3. X-ray diffraction peaks for$820% planes in the magnetic field in the
vicinity of the IEM transition field at 205 K for La(Fe0.88Si0.12)13 .
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As shown in Fig. 4, the isotropic volume expansion
caused by applying magnetic field is observed in theP and
the F states below and above the transition magnetic field.
From results of x-ray diffraction measurement in the mag-
netic field for the itinerant–electron metamagnetic
Lu(Co0.90Ga0.10)2 compound, it has been reported that the
relative volume changev in both the states is proportional to
the square of magnetizationM2. However, the proportional
coefficient which corresponds tokCmv in Eq. ~1! is larger in
the P state in the magnetic field belowBC than that in theF
state aboveBC .
17 A similar difference inkCmv between
LuCo2 paramagnetic compound and Lu(CoxGa12x)2 (x
50.09 and 0.12! ferromagnetic compounds was obtained
from the volume magnetostriction measurement at 4.2 K.18
The inset in Fig. 4 shows the relative volume changev plot-
ted against the square of the magnetizationM2 at 205 K for
the La(Fe0.88Si0.12)13 compound. The proportional relation is
confirmed in theP and F states, though the slope is obvi-
ously different. To be more precise, the values ofkCmv for
theP andF states are 1.10% and 0.45%/mB
2, respectively, in
the present plots, and almost the same for the value ofkCmv
of 1.05% in theP state and 0.50%/mB
2 in the F state for the
Lu(Co0.90Ga0.10)2 compound obtained from the x-ray mea-
surement mentioned above.17
Based on the Landau expansion theory for the magnetic
free energy renormalized by spin fluctuations, the relation
among the magnetic fieldB, the magnetizationM, and the









wherea, b, andc are the constants related to the band struc-
ture. The calculated value ofkCmv by using Eqs.~1!–~3! is
fairly close to the experimental value for Lu(CoxGa12x)2
compounds in theP state.19 On the other hand, the calculated
value ofkCmv in theF state is different from the experimen-
tal one and the discrepancy is explained in terms of the in-
fluence of higher order terms in the magneto-elastic energy.19
The renormalized compressibilitykM is valid for the discus-
sion of the magnetovolume effect by expressing as20
kM5@k
212G$M21j~T!2%#21, ~4!
whereG is the high-order magnetovolume coupling constant.
Since the magnetic moment is induced and the spin fluctua-
tions are suppressed in theF state after the IEM transition,
the influence of higher order terms in the magneto-elastic
energy can qualitatively explain the change in the value of
kCmv.
In conclusion, no crystal structural change followed by
the IEM transition was confirmed in La(Fe0.88Si0.12)13 by
x-ray diffractions in high magnetic fields. A significant in-
crease in the lattice constant of about 0.4% is caused by the
IEM transition. A nucleation and growth of the ferromagnetic
phase in the paramagnetic phase was observed in the diffrac-
tion profiles around the IEM transition field. The magnetic
field dependence of the relative change in the lattice constant
measured perpendicular to the magnetic field direction is
similar to that of the longitudinal linear magnetostriction.
Consequently, it is concluded that the volume change due to
the IEM transition is isotropic in the present compound. The
volume magnetostriction in both the paramagnetic and ferro-
magnetic states shows a linear dependence on the square of
the magnetization, though the magnetovolume coupling co-
efficient in the ferromagnetic state after the IEM transition is
smaller than that in the paramagnetic state.
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FIG. 4. Magnetic field dependence of the relative change in the lattice
constantDa/a for the ferromagnetic~F! and the paramagnetic~P! phases
measured perpendicular to the magnetic field direction. In the magnetic field
region for the coexistence of two phases, the average value~Av! is also
plotted. The dashed line stands for the data of the longitudinal linear mag-
netostrictionDL/L i of the bulk specimen~Ref. 7!. The inset shows the
relative volume change~v! plotted against the square of magnetization
(M2).
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